The coexistence of multiple species of short-tailed fruit bats (Phyllostomidae: Carollia) is common throughout the range of the genus. Previous studies of fecal and stomach contents have documented differences in dietary breadth and in habitat use as mechanisms by which these species may partition dietary niches. By comparing values of d 15 N and d 13 C across species of Carollia from 17 sites in Central and South America, we show that co-occurring Carollia frequently differ in dietary breadth, foraging habitats, and level of insectivory. Values of d 15 N, which tended to be enriched in C. castanea, depleted in C. perspicillata, and intermediate in C. brevicauda and C. sowelli, indicate trophic stratification. Values of d 13 C followed the opposite trend, tending to be enriched in C. perspicillata and depleted in C. castanea, suggesting interspecific differences in breadth of the foraging area. Isotopic comparisons among Carollia, other bat species, and potential food items at 5 of our sites illustrate that populations of Carollia tend to be trophically intermediate between strictly phytophagous and strictly insectivorous organisms, and, contrary to the paucity of insect remains found in fecal samples, indicate that the consumption of insects by Carollia is more common and potentially more important than previously was thought.
Frugivorous phyllostomids tend to be able satisfy their protein requirements by consuming fruits, without having to resort to insectivory (Delorme and Thomas 1996; Herbst 1986; Herrera et al. 2002; Herrera M. et al. 2001b; Thomas 1984; Wendeln et al. 2000) ; fruits of Piper in particular are rich in proteins relative to other fruits often consumed by bats (Herbst 1986) . However, examination of data on stomach or fecal contents indicates the occasional consumption of insects by Carollia and other frugivorous phyllostomids (e.g., CharlesDominique 1991; Gardner 1977; Giannini and Kalko 2004; Heithaus et al. 1975; Willig et al. 1993; Wilson 1973 ). Fecal analysis is biased toward detecting objects with hard, indigestible components, such as small seeds or pieces of insect exoskeletons. Consequently, fecal analysis is biased against detecting foods without hard parts or whose hard parts are removed before being eaten, such as large seeds and large pieces of exoskeleton (Herrera et al. 2002) . These issues challenge attempts to discern the extent to which insectivory is important for frugivorous bats. To assess the potential prevalence of insectivory in Carollia and its possible role in interspecific dietary differentiation without such biases, we coupled fecal examination with an analysis of stable carbon and nitrogen isotopes. These data also enabled us to address whether there is feeding niche differentiation within Carollia.
Stable-isotope analysis permits characterization of the origins of substances incorporated into living tissues. By comparing the ratios of 13 C to 12 C and 15 N to 14 N between an organism and a standard (d 13 C and d 15 N, respectively, and expressed herein as the per mille difference between a sample and Vienna Pee Dee belemnite for carbon and between a sample and atmospheric N 2 for nitrogen -Farquhar et al. 1989; Peterson and Fry 1987) , inferences about dietincluding trophic position and foraging habitat-can be made based on the relative amounts of heavier isotopes in organisms (Bearhop et al. 2004; Epstein 1978, 1981; Farquhar et al. 1989; Fry 1988; Fry et al. 1978; Gannes et al. 1997; Hobson 1999a; Peterson and Fry 1987; Tieszen et al. 1983; van der Merwe et al. 1990) .
We assessed food preferences and foraging habitat for 6 species of Carollia. Specifically, we determined whether there are interspecific differences in the types of plants on which these bats feed or in the habitats in which they forage, whether the species are strictly frugivorous or include measurable amounts of insect material in their diets, and, if so, whether insectivory varies among species. We expected that some species would have a specialized diet consisting mainly of preferred fruits obtained within a narrow range of habitats, whereas others would have a broader diet and would forage in a variety of habitats for an array of fruits. We also expected, given the conservative estimates of insectivory due to biases inherent in fecal analyses, that insectivory would be more prevalent in Carollia than generally is thought but that species would differ in the amount of insects consumed. Variation in levels of insectivory may contribute to feeding niche differentiation, permitting multiple species of Carollia to exist sympatrically.
MATERIALS AND METHODS
Sampling and sample analysis.-Fecal samples, defined as all of the fecal material produced within the first 30 min after capture, were collected from 349 individuals caught in Palo Verde National Park (10u219N, 85u219W) in Guanacaste Province, at the La Selva Biological Station (10u269N, 84u009W) in Heredia Province, the La Suerte Biological Station (10u279N, 83u479W) in Limón Province, and the Las Cruces Biological Station (8u479N, 82u579W) in Puntarenas Province, Costa Rica, and the Ometepe Biological Station (11u259N, 85u329W) in Rivas Department, Nicaragua. The number of samples containing arthropod exoskeletal remains was determined, and arthropods were identified to suborder or family and developmental stage whenever possible (Table 1) .
We sampled fur from dried museum skins of 148 individual C. benkeithi, C. brevicauda, C. castanea, C. perspicillata, C. sowelli, and C. subrufa (Baker et al. 2002; Pine 1972; Solari and Baker 2006) originally captured at 12 sites: Belém (1u199S, 48u299W), Brazil; Teapa (17u309N, 93u009W), Mexico; Boaco (12u379N, 85u329W), Cara de Mono (12u079N, 84u289W), Cosigüina (12u579N, 87u309W), Guanacaste (11u499N, 85u599W), Jalapa (13u569N, 86u079W), Potosí (13u619N, 87u309W) , and Villa Somoza (12u049N, 85u009W), Nicaragua; and Cusco Amazónico (12u369S, 69u039W), San Jacinto (4u389S, 73u579W), and Teniente López (2u319S, 76u109W), Peru (see Appendix I for a list of specimens examined and detailed site descriptions). Additionally, we sampled fur from 172 living individuals captured at 5 sites: the La Selva, La Suerte, Las Cruces, and Ometepe Biological Stations, as mentioned above, as well as at the Reserva Ecológica Bijagual de Sarapiquí (10u229N, 84u069W) in Heredia Province, Costa Rica. Fur was selected as the material in which to measure isotopes because it does not vary in isotopic composition after it is formed (Cerling et al. 2006; Hobson 1999a) , allowing even decades-old museum specimens to be sampled. Also, although living tissues experience continual isotopic turnover as a result of variation in diet (e.g., Sweeting et al. 2005) , the isotopes in fur reflect an animal's diet only at the time of hair formation. As such, fur collected from living individuals provides a snapshot view of bats' diets that is comparable across individuals sampled at a single time and place. We recognize that discrimination against heavier isotopes during formation of bat fur may differ among bat species and according to the quality of bats' diets Epstein 1978, 1981; Gannes et al. 1997; Herrera M. et al. 2001a; Robbins et al. 2005; Sponheimer et al. 2003a Sponheimer et al. , 2003b Tieszen et al. 1983; Voigt et al. 2003) . For this study, we assume that shifts in d 13 C and d 15 N between diet and fur are similar for bats in this study across a wide variety of dietary sources. Although diet quality can have a significant influence on d 15 N in animals (Robbins et al. 2005) , we detected variation in both d 13 C and d 15 N (see ''Results'') , suggesting that quality is not the only parameter governing the stable isotopic signatures in these bats and that valuable information about the source of diets also may be gleaned from these data. Bats were handled according to guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ) and with the approval of the University of Kansas Institutional Animal Care and Use Committee.
Museum specimens were selected so that each locality was represented by at least 2 co-occurring species and that all individuals from a single site were collected within 40 days of one another. Living bats were sampled during 1 dry and 1 wet season (21 February-1 April 2006 and 29 May-10 June 2006) at Bijagual and La Selva and during 2 dry seasons (3 March-9 April 2005 and 21 February-1 April 2006) at La Suerte, Las Cruces, and Ometepe; these time periods are considered separately at each site. For comparison of Carollia with related and co-occurring bat species, 36 fur samples from living individuals of the genera Desmodus (Phyllostomidae: Desmodontinae); Glossophaga, Hylonycteris, and Lonchophylla (Phyllostomidae: Glossophaginae); Lonchorhina, Lophostoma, Micronycteris, Phyllostomus, Tonatia, and Trachops (Phyllostomidae: Phyllostominae); Artibeus, Ectophylla, Platyrrhinus, Sturnira, and Uroderma (Phyllostomidae: Stenodermatinae); and Pteronotus (Mormoopidae) were collected concurrently with samples taken from Carollia.
To compare potential food items, 19 fruit and leaf samples from the genera Cecropia (Moraceae), Ficus, Piper, Solanum, and Vismia and 6 samples of phytophagous insects, including folivorous or detritivorous beetles (Coleoptera: Carabidae and Scarabaeidae), folivorous katydids (Orthoptera: Tettigoniidae), and moths (Lepidoptera), which are folivorous as larvae, also were collected at these localities. We selected plants and insects for sampling given that they likely represent a broad range of potential prey items for Carollia and other phyllostomid bats (Gardner 1977; Giannini and Kalko 2004; Kalka and Kalko 2006; Wilson 1973; H. York, pers. obs.) . We acknowledge that this sampling of possible food items does not encompass all possible dietary options for the bats included in this study, but we expect that this sampling strategy captured the breadth of food choices available to the bats in question.
Fur samples were washed in diluted dish detergent and rinsed with deionized water. Each fur, plant, and insect sample was dried at 80uC, finely cut or ground, and mixed to ensure homogenization (following Roth 2002) . Initial field preservation of insect samples by drying did not allow us to separate soft from hard parts during final processing. Given that bats may remove hard parts before eating insects, there may be a slight discrepancy between the isotopic values in our samples and those in the insect material ingested by bats, but differences among tissues within an individual insect are likely small relative to differences among the potential food samples included in our analyses. Isotope analysis was conducted at the University of Arkansas Stable Isotope Laboratory with a Thermo Finnigan Delta+ isotope ratio mass spectrometer coupled via a Thermo Conflo interface (Bremen, Germany) to a Carlo Erba elemental analyzer (Milan, Italy). Isotope measurements are reported as d 13 C and d 15 N, representing sample values relative to accepted standards (Vienna Pee Dee belemnite and atmospheric N 2 , respectively- Farquhar et al. 1989; Peterson and Fry 1987) . Analytical precision of the instrument, based on replicate reference gas analysis, was 60.04% for CO 2 .
Statistical analysis.-Baseline ratios of environmental stable isotopes available to living systems tend to vary throughout time and space (e.g., Hobson 1999b); thus, our quantitative comparisons of d 13 C and d
15
N among specimens were made within, but not across, sites. In total, we conducted comparisons of isotope ratios across species of Carollia at 17 sites. We addressed potential temporal variation by examining differences between seasons or years within species at the 5 field sites for which samples were collected in 2 discrete time periods. Finally, samples taken from living individuals enabled us to make comparisons among species of Carollia, other species of bats, and potential plant and insect prey.
Within-and across-species comparisons of isotope ratios in Carollia were conducted for each site using 1-way analysis of variance (ANOVA). Likewise, samples from the 5 sites represented by 2 discrete sampling periods were compared across time using ANOVA (and time periods subsequently were combined based on a lack of significant differences; see ''Results''), as were isotope ratios among Carollia, other bat species, and potential food items. To account for species for which we caught only a small number of individuals, we grouped them ecologically, following Gardner (1977) Artibeus, Ectophylla, Phyllostomus, Platyrrhinus, Sturnira, and Uroderma as frugivores; Glossophaga, Hylonycteris, and Lonchophylla as nectarivores, some of which are known to be largely insectivorous (e.g., Heithaus et al. 1975 ; Herrera et al. 
RESULTS
Exoskeletal remains occurred in 74 (21%) of the fecal samples, which consisted primarily of seeds and fruit pulp. Most exoskeletal remains were represented by only 1 or a few small pieces (e.g., antenna, leg, or portion of elytra). The size and habits of positively identified arthropods (Table 1) suggest they may have been inconspicuous on fruits sought by bats (S. Davis and J. Kieckhefer, University of Kansas, pers. comm.).
Comparisons of stable-isotope ratios among Carollia, other bat species, and potential food items were made for each of the 5 field sites separately (Fig. 1 ). The plants sampled had significantly depleted values of d 13 C compared to bats at all sites. Further, there was a large degree of overlap in d
13 C values among Carollia, other species of bats, and insects, although animalivorous, nectarivorous, and sanguinivorous bats tended to have enriched values. We observed a relatively enriched value of d 13 C in Desmodus from Las Cruces (n 5 1, 213.5%, not shown in Fig. 1) , reflecting the C 4 grasses in the diet of its livestock prey.
The d 15 N values reflected trophic stratification among the organisms sampled (Fig. 1) . Values from plants tended to be depleted at least 3% relative to values from bats and insects, except at Las Cruces, where plants (n 5 1, 2.9%) and insects (n 5 2, 3.0% 6 1.1% SE) had similar values. This general trend indicates that insects and bats are at least 1 full trophic level above plants (e.g., DeNiro and Epstein 1981). Insects and frugivorous bats often had the most depleted values among animals. d 15 N for Carollia tended either to overlap with these groups or to be somewhat enriched. Animalivorous, nectarivorous, and sanguinivorous bats usually had the most enriched values, which at several sites were significantly enriched compared to the values found in insects, frugivorous bats, and Carollia.
Within-site comparisons of d 13 C and d 15 N across species of Carollia (Table 2) showed that interspecific variation in diet was consistent across sites. Of the 3 sites at which C. brevicauda, C. castanea, and C. perspicillata occur, Teniente López was the only site with a significant interspecific difference in d 13 C (P 5 0.013). C. castanea, C. perspicillata, and C. sowelli were sampled together at 8 sites; values of d 13 C were depleted in C. castanea relative to both C. perspicillata and C. sowelli at 6 of these-Bijagual (P 5 0.001), La Selva (P 5 0.005), La Suerte (P , 0.001), Las Cruces (P , 0.001), Cara de Mono (P , 0.001), and Jalapa (P 5 0.010)-whereas the latter 2 species did not differ at any of these sites. At Teapa, where C. castanea was not sampled, the value of d 13 C was enriched in C. perspicillata compared to C. sowelli (P 5 0.008). Of the 4 sites where C. perspicillata and C. subrufa cooccur, values of d 13 C in C. perspicillata were enriched relative to those in C. subrufa at Guanacaste (P 5 0.019) and Ometepe (P 5 0.012). No significant difference was found among species at Cusco Amazónico.
Values of d 15 N were enriched in C. castanea relative to C. perspicillata at 3 sites: Bijagual (P 5 0.002), La Selva (P 5 0.002), and Boaco (P 5 0.004). At 2 of these, Bijagual and Boaco, values also were enriched in C. castanea compared to those from C. sowelli. The opposite occurred at Las Cruces, where the d 15 N value was depleted in C. castanea relative to C. sowelli (P 5 0.014). C. perspicillata had depleted values of d 15 N compared to C. sowelli at La Selva (P 5 0.002), Las Cruces (P 5 0.014), and Jalapa (P 5 0.013). At Cusco Amazónico, C. perspicillata had depleted values of d 15 N relative to C. benkeithi and C. brevicauda (P 5 0.039). No differences occurred between C. perspicillata and C. subrufa at any sites where these species co-occur.
There were few significant differences between seasons or years in d 13 C and d 15 N within species at the 5 sites for which temporal data were available. At La Selva, the value of d 15 N was depleted in C. castanea in the dry season (n 5 6, 7.1% 6 0.4%) relative to the wet season (n 5 4, 8.5% 6 0.1%; P 5 0.019). At La Suerte, values of d 13 C in C. perspicillata were depleted in 2005 (n 5 26, 225.3% 6 0.1%) relative to those in 2006 (n 5 4, 226.1% 6 0.2%; P 5 0.023). Likewise, at Ometepe, the value of d 13 C for C. subrufa was depleted in 2005 compared to 2006 (n 5 15, 225.7% 6 0.1% and n 5 7, 226.2% 6 0.3%, respectively; P 5 0.048). N from Carollia were consistently 3-5% enriched compared to those of plants and in some cases were significantly enriched relative to those of insects and other frugivorous species strongly suggests that Carollia are not strictly phytophagous but instead that insects constitute a considerable fraction of the diet (see also Herrera et al. 2002) . The omnivorous behavior of many nominally nectarivorous bats (e.g., Heithaus et al. 1975; Herrera et al. 1998; Herrera M. et al. 2001b ) also is evident from these data, suggesting that these bats are trophically similar to animalivorous species. Differences in d 15 N among species of Carollia at a number of sites (Table 2) 15 N, relative to those from co-occurring species, are assumed to deviate from a strictly phytophagous behavior to a greater degree than do their congeners. Previous observations of insectivory, but not carnivory, in Carollia (Gardner 1977; Giannini and Kalko 2004; H. A. York, pers. obs.) suggest that enriched values of d 15 N in Carollia result from eating insects and that interspecific differences in d 15 N are due to differential levels of insectivory among species.
Our study and previous examinations of diet in Carollia and other frugivorous phyllostomids have employed fecal analysis, in which ingested seeds are easily obtained and identified. Although this method is excellent for detecting fruits with small seeds that pass through the bats' digestive tracts unharmed, including many of the fruits preferred by Carollia, it is inherently biased against detecting foods without hard, indigestible parts or whose hard parts are discarded before ingestion. Chitinous insect exoskeletons, when ingested, are preserved despite mastication and the digestive process. However, many insectivorous phyllostomids often glean large, hard-bodied prey whose exoskeletons are largely removed before eating, and they eat soft-bodied insects, such as caterpillars ( pers. obs.). We expect that if Carollia forage purposely for insects, they do so in a manner similar to other insectivorous phyllostomids by gleaning large insects and removing significant amounts of exoskeleton during prey manipulation (see also Ayala and D'Alessandro 1973) . Thus, given that our isotope results point to insectivory as important for Carollia, it is likely that the small amount of exoskeletal material noted here and previously in the feces of Carollia dramatically underrepresents the amount of insects consumed by these bats.
We also found a tendency for interspecific differentiation in d 13 C ( Fig. 1; Table 2 ), even when these values from bats are shifted downward by 3% to reflect the isotopic difference often found between diet and bat hair (Voigt et al. 2003) . d 13 C was usually enriched in C. perspicillata and C. sowelli relative to C. castanea, which in turn exhibited d
13
C values closest to those from sampled plants at all sites (Fig. 1) . This suggests that C. castanea at most sites ate a greater proportion of plants similar to those in our samples, relative to C. brevicauda, C. perspicillata, and C. sowelli. The majority of such plants typically are found in edge habitats and secondary forest, which is consistent with previous studies that document differences in fruit preferences and in the use of habitat by the various Carollia. Fleming (1991) found that C. castanea frequently ate Piper and was captured more commonly in secondary forest than were C. perspicillata and C. sowelli (referred to as C. brevicauda) at La Selva. A similar distinction occurred between C. castanea and C. perspicillata on Barro Colorado Island, where C. sowelli is absent. Discrepancies between bat and plant values, most pronounced at La Selva, La Suerte, and Ometepe, suggest that these bats (or their prey) have broader plant diets, or more diverse foraging areas, or both at these sites than is represented by our plant samples. Because the plant species in our samples tend to occur in edge habitats and secondary forest, they likely do not represent the full range of plants eaten by focal bats or their prey. That the diets of several species of Carollia, in particular, are not fully congruent with a diet of exclusively edge species also supports our conclusion that these bats forage in a variety of habitats and have broad diets. In contrast, the plants sampled at Bijagual and Las Cruces have d 13 C values similar to the adjusted values from bats, indicating that edge species constitute a larger part of the plant portion of bat diets at these sites than they do at other sites.
Stable-isotope analysis cannot identify specific dietary components, and thus this method will not account for some types of dietary segregation among Carollia, including intraspecific variation in diet due to seasonality in food availability and intersexual differences in nutritional requirements. For example, Carollia may deal with changes in fruit availability by switching food plants within a foraging area, which is mostly undetectable using our methods. Nonetheless, isotope analysis is useful for addressing broadscale issues of diet at the interspecific and community levels (e.g., Herrera M. et al. 2001a; Hobson 1999b; Roth 2002) . Based on our analyses, we found evidence that co-occurring species of Carollia differ in the breadth of plants on which they feed as well as in the proportions of plant and insect matter in the diet. Moreover, we show that species of Carollia often differ significantly in d 13 C and d 15 N from primarily frugivorous or animalivorous bats. That bats feeding primarily on animals tend to have enriched values of d 13 C, even when a 3% shift between diet and hair is taken into account (Voigt et al. 2003) , indicates that they capture prey in different or from a broader variety of habitats than do other bats. The tendency of Carollia to have d 15 N intermediate to that from frugivorous and from animalivorous and sanguinivorous bats also indicates that insectivory likely is important but largely overlooked in Carollia. We suggest that a combination of techniques, such as fecal examination, stable-isotope analysis, and direct observations of foraging and food-handling behavior, are needed to assess the full breadth of and variation in diets of the various species of Carollia.
RESUMEN
La coexistencia de múltiples especies de murciélagos fruteros de cola corta (Phyllostomidae: Carollia) es común a lo largo de la distribución del género. Estudios previos del contenido fecal y estomacal han documentado diferencias en la amplitud de la dieta y en el uso del hábitat como mecanismos con los cuales estas especies pueden repartir nichos alimentarios. Al comparar los valores de d 15 N y d 13 C entre las especies de Carollia de 17 localidades en Centro y Sudamérica, demostramos que las especies que co-ocurren frecuentemente se diferencian en la amplitud de sus dietas, en los hábitats en que forrajean y en sus niveles de insectivoría. Los valores de d 15 N, los cuales tendieron a ser enriquecidos en C. castanea, disminuidos en C. perspicillata e intermedios en C. brevicauda y C. sowelli, indican estratificación trófica. Los valores de d 13 C siguieron la tendencia contraria, con valores enriquecidos en C. perspicillata y disminuidos en C. castanea, sugiriendo diferencias interespecíficas en la amplitud del área de forrajeo. Comparaciones isotópicas entre Carollia otras especies de murciélagos y potenciales componentes alimentarios en 5 de nuestras localidades ilustran que las poblaciones de Carollia tienden a ser tróficamente intermedias entre organismos estrictamente fitófagos y estrictamente insectí-voros y, al contrario de la ausencia de restos de insectos en las muestras fecales, indican que el consumo de insectos por Carollia es más común y potencialmente más importante que lo previamente pensado. 
